Bone marrow mesenchymal stem cells (MSCs) can differentiate into multiple cell types including osteoblasts. How this differentiation process is controlled, however, is not completely understood. Here we show that activating transcription factor 4 (ATF4) plays a critical role in promoting bone marrow MSC differentiation towards the osteoblast lineage. Ablation of the Atf4 gene blocked the formation of osteoprogenitors and inhibited osteoblast differentiation without affecting the expansion and formation of MSCs in bone marrow cultures. Loss of ATF4 dramatically reduced the level of β-catenin protein in MSCs in vitro and in osteoblasts/osteoprogenitors located on trabecular and calvarial surfaces. Loss of ATF4 did not decrease the expression of major canonical Wnt/β-catenin signaling components such as Wnt3a, Wnt7b, Wnt10b, Lrp5, and Lrp6 in MSCs. Furthermore, shRNA knockdown of ATF4 expression decreased the level of β-catenin protein in MC-4 preosteoblasts. In contrast, overexpression of ATF4 increased β-catenin protein levels in MC-4 cells. Finally, ATF4 and β-catenin formed a protein-protein complex in COS-7 cells coexpressing both factors or in MC-4 preosteoblastic cells. This study establishes a new role of ATF4 in controlling the β-catenin protein levels and MSC differentiation towards the osteoblast lineage.
Introduction
Osteoblasts, the bone-forming cells, originate from multipotential mesenchymal stem cells (MSCs), which are primarily present in bone marrow (12) . MSCs proliferate and differentiate into osteoprogenitors and subsequently osteoblasts, which synthesize and deposit the mineralizing extracellular matrix of bone. MSC differentiation towards the osteoblast lineage is controlled by specific key transcription factors (16) . One is Runx2, which is a runt domain-containing transcription factor identified as a transcriptional activator of osteoblast differentiation and master gene for bone development (3, 9, 14, 15, 17, 19, 20) . Runx2 is expressed in mesenchymal condensations during early development at E 11.5 and plays a critical role in control of MSC differentiation towards the osteoblast lineage (9) . Runx2 knockout mice die at birth and lack mature osteoblasts (15, 17) . Another key regulator of osteoblast differentiation is Osterix (Osx) (18, 32, 34) . The facts that Runx2 is normally expressed in Osx null mice and that Osx is not expressed in Runx2 null mice
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International Publisher suggest that Osx acts as a downstream of Runx2 (18) . Osx controls differentiation of preosteoblasts to mature osteoblasts, which express high levels of osteocalcin (18, 32, 34) . Similar to Runx2 null mice, Osx knockout mice die at birth and lack both skeletal ossification and mature osteoblasts (18) .
The canonical WNT/β-catenin signaling is the most important pathway for control of bone mass in humans and vertebrates (5, 6) . Mesenchymal stem cells lacking β-catenin do not differentiate into osteoblasts, indicating that expression of β-catenin is critical for osteoblast differentiation (7) . The level of β-catenin protein is largely controlled by the Wnt proteins, a family of at least 19 members in humans and vertebrates (22) . In the absence of Wnt ligands, a complex that contains glycogen synthase kinase 3β (GSK-3β), adenomatous polyposis coli (APC) and axin binds to β-catenin, which results in β-catenin phosphorylation, ubiquitination and degradation by proteasome. In contrast, binding of Wnt proteins to the Frizzled receptors and co-receptors such as Lipoprotein Receptor-related Protein (LRP)-5 and LRP-6 inhibits the formation of the GSK2-APC-Axin complex. As a result, β-catenin cannot be phosphorylated and degraded by proteasome, which allows β-catenin accumulation and translocation into the nucleus, where it interacts with TCF/LEF and activates transcription of downstream target genes such as those encoding c-Myc and cyclin D1 (2, 22) . β-Catenin regulation is complex as other proteins can also influence β-catenin stability and activity, thereby allowing the integration of inputs from different signaling pathways into the β-catenin signaling (1, 2, 22, 35) .
Activating transcription factor 4 (ATF4) is a basic leucine-zipper transcription factor of the ATF/CREB protein family. ATF4 is critical for bone homeostasis and the ATF4 knockout mice have dramatically reduced bone mass and bone formation rate (26) . ATF4 is critical for osteoblast proliferation and survival (28, 33) . ATF4 promotes osteoblast-specific osteocalcin gene expression and osteoblast differentiation (25, 26) . ATF4 mediates parathyroid hormone (PTH)-induced osteoblast differentiation and bone formation (13, 28, 29) . Interestingly, ATF4 also promotes osteoclast differentiation directly or through indirect up-regulation of RANKL expression in osteoblasts (4, 10, 11) . These studies demonstrate a critical role of ATF4 in promotion of osteoblast and osteoclast differentiation. However, potential role of ATF4 in regulation of MSC differentiation is not known.
Materials and Methods

Reagents
Tissue culture media and fetal bovine serum were obtained from HyClone (Logan, UT). Other reagents were obtained from the following sources: Antibody against ATF4 and horseradish peroxidase-conjugated goat anti-rabbit IgG from Santa Cruz (Santa Cruz, CA), antibody against β-catenin from Abcam (Cambridge, MA), mouse monoclonal antibody against β-actin, alizarin red (AR-S), L-ascorbic acid, and β-glycerophosphate from Sigma (St Louis, MO). All other chemicals were of analytical grade.
Atf4-deficient mice
Breeding pairs of Atf4 heterozygous mice (Swiss black) were described previously (29) and used to generate ATF4 wild-type (WT) and knockout (KO) mice for this study. Six-to eight-week-old mice were sacrificed for bone marrow cells. All research protocols were approved by the Institutional Animal Care and Use Committee of the Rush University Medical Center.
Colony forming unit-fibroblast (CFU-F) assay and colony forming unit-osteoblast (CFU-OB) assay
The CFU-F assay was performed using the Mesencult Proliferation Kit (Mouse) (Stemcell Technologies) for the expansion and enumeration of the mesenchymal stem cells (MSCs) as previously described (31) . Briefly, 1x10 6 bone marrow nucleated cells per 35-mm dish were seeded and cultured at 37°C in 5% CO2 for 10 days, followed by Giemsa staining. The numbers of CFU-Fs were counted under a microscope. CFU-OB assay was performed as previously described (23) . Briefly, 1x10 6 bone marrow nucleated cells per 60-mm dish were seeded and cultured for the indicated days in differentiation medium (α-MEM containing 10% FBS, 1% penicillin/streptomycin, 50 µg/ml L-ascorbic acid and 2.0 mM β-glycerophosphate). Media were changed every another day. Alizarin red staining was used to identify the colonies containing mineralized bone matrix, which were designated as CFU-OB colonies.
Alkaline Phosphatase (ALP) staining and ALP activity assay ALP staining of the CFU-OB cultures was performed using an ALP staining kit from Sigma (St. Louis, MO) according to the manufacturer's instructions. Cells were fixed by 10% formalin for 1h at room temperature before the staining. ALP assay was performed as previously described (23) . Briefly, BMSCs were differentiated for 7 days and harvested in 1x Passive Buffer (Promega, Madison, WI). Lysates were clarified by centrifugation (20 min, 13,000 x g, 4°C). Five µl of cell extracts were added to each well (96-well plate) containing 150 µl p-nitrophenyl phos-phate at 37 o C for 10-60 min depending on the ALP activity in the extracts. ALP activity was determined by absorbance measurement at 405 nm on a 96-well plate reader. ALP activity was normalized to total protein.
RNA isolation, reverse transcription (RT), and quantitative real-time PCR (qPCR)
RNA isolation, RT, and quantitative real-time PCR were performed to measure the relative mRNA levels using SYBR Green kit (Bio-Rad Laboratories Inc.) as previously described (29) . Samples were normalized to Gapdh expression. The DNA sequences of mouse primers used in this study are summarized in Table 1 .
Western blot analysis
Western blot analysis was performed as previously described (30) . Tibias were frozen in liquid nitrogen and ground into powder using a mortar and pestle. Whole cells or bone tissue powder were extracted by RIPA buffer on ice as described (33) and total proteins were separated by electrophoresis on 8% SDS polyacrylamide gels. The proteins were transferred electrophoretically to nitrocellulose membranes and staining with Ponceau Red to ensure that comparable amounts of proteins were loaded and the transfer was efficient. The membranes were blocked with 5% nonfat milk in TBST for 1h at room temperature and immunobloted with β-catenin (Abcam), ATF4 (Santa Cruz) or c-Myc (Abcam) antibodies. β-Actin immunoblot was used as internal control.
Immunohistochemistry (IHC)
Tibiae were fixed in 10% formalin at 4 o C for 24h, decalcified in 10% EDTA (pH 7.4) for 10-14 days, and embedded in paraffin. Five-μm sections of tibiae were immunohistochemically stained with an antibody against β-catenin or control IgG using the EnVision+System-HRP (DAB) kit (Dako North America, Inc) as described previously (28, 31) .
Statistical analysis
Data was analyzed with a GraphPad Prism software (4.0). A one-way ANOVA analysis was used followed by the Tukey test. Students' t test was used to test for differences between two groups of data as needed. Results were expressed as means ± standard deviation (S.D.). Differences with a P <0.05 was considered as statistically significant.
Results
Atf4 ablation severely impairs the ability of bone marrow MSCs to differentiate into osteoprogenitors without affecting the expansion and formation of MSCs in vitro
Although the role of ATF4 in regulation of terminal osteoblast differentiation and bone formation are well established, its potential role in early osteoblast differentiation (i.e., from MSCs to osteoprogenitors) has not been addressed. To test whether ATF4 plays a role in regulation of MSC differentiation towards the osteoblast lineage, we investigated the effect of ATF4 ablation on the formation of the colony-forming unit-fibroblast (CFU-F) in bone marrow MSC cultures from WT and KO mice. Results showed that inactivation of the Atf4 gene did not alter the number of CFU-Fs from bone marrow (Figure 1, A-C) .
Results from qPCR analysis confirmed that Atf4 mRNA expression was undetectable in the MSC cultures from KO mice ( Figure 1D ). These results suggest that ATF4 is not critical for the expansion and formation of MSCs. 
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CGTGTTTCTCTGCTTTGGCGTC GGGTCGGCTCTGGCAGAT Wnt10b CGCTGGAACTGCTCGGCAC ATGACCCCAGCAGCCAGCA 6 bone marrow nucleated cells from one-month-old WT and KO mice were seeded in 35-mm culture dishes and cultured using the Mesencult Proliferation Kit (Mouse) for 10d, followed by qPCR analysis. Atf4 mRNA was normalized to Gapdh mRNA. * P <0.05 (versus WT).
We next tested whether ATF4 plays a role in regulation of MSC differentiation towards the osteoblastic lineage by determining the effect of ATF4 ablation on the development and formation of osteoprogenitors in primary MSC cultures from WT and KO bone marrows. The results revealed that the ability of KO MSCs to form the colony-forming unit-osteoblasts (CFU-OBs) was dramatically decreased and largely delayed compared to that of WT MSCs (Figure 2A ). Because each CFU-OB colony is derived from a single osteoblast progenitor, the number of CFU-OB colonies reflects the number of mesenchymal progenitors present in the original bone marrow isolate that are capable of differentiating into osteoblast. Thus, these results suggest that deletion of the Atf4 gene impairs the formation of osteoprogenitors in bone marrow. To further support this conclusion, the number of ALP-positive colonies and ALP activity were dramatically reduced in bone marrow MSCs cultures from KO mice compared to those from WT mice (Figure 2, B and C) . Results from qPCR analysis revealed that Osx but not Runx2 mRNA expression was significantly decreased in the KO versus WT MSC cultures ( Figure 2D ).
Atf4 ablation reduces β-catenin expression in bone marrow MSCs
Because β-catenin is known to play a critical role in regulation of the osteoblastic differentiation of MSCs (7), we next investigated whether ATF4 ablation alters the expression of β-catenin in MSCs. Western blot analysis revealed that the level of β-catenin protein was dramatically decreased in KO MSCs compared to that from WT MSCs ( Figure 3A) . Im-munohistochemical (IHC) staining showed that there are many β-catenin-positive cells in WT MSC cultures, which was markedly decreased in KO MSC cultures ( Figure 3B ). It is interesting to note that the cytoplasm of β-catenin-positive MSCs from WT mice was highly spread. However, the level of β-catenin mRNA was only slightly decreased in KO versus WT MSC cultures ( Figure 3C ). Since the level of β-catenin protein is largely controlled by Wnts, we next determined if loss of ATF4 affects the expression of major Wnts and their co-receptors. Results showed that the mRNA levels of major Wnt/β-catenin signaling components including Wnt3a, Wnt7b, Wnt10b, Lrp5 and Lrp6 were not decreased by the loss of ATF4 in the MSC cultures (Figure 3, D-F, H and I) . Note: the level of Wnt5a mRNA was slightly reduced in KO relative to WT MSC cultures ( Figure 3G ).
Atf4 ablation reduces β-catenin protein expression in osteoblasts/osteoprogenitors located on trabecular and calvarial bone surfaces
To determine whether loss of ATF4 decreases the level of β-catenin expression in bone, we performed Western blot analysis using protein extracts from tibiae of WT and KO mice. Results showed that loss of ATF4 dramatically decreased the levels of β-catenin protein in 2-week-old KO versus WT tibiae ( Figure  4A ). β-Catenin protein level was low but not reduced by the loss of ATF4 in tibiae of 15-month-old mice ( Figure 4A ). The level of β-catenin mRNA was not decreased in 2-week-old KO relative to WT tibiae ( Figure 4B ). To determine whether loss of ATF4 decreases the level of β-catenin protein in osteoblasts/osteoprogenitors in vivo, we performed IHC staining of tibial and calvarial sections from one-month-old WT and KO mice. Results revealed that β-catenin protein was strongly detected in osteoblasts/osteoprogenitors on trabecular bone surfaces of WT tibiae, which was markedly decreased in osteoblasts/osteoprogenitors of KO tibiae ( Figure 4C ). Loss of ATF4 also decreased the level of β-catenin protein in calvarial osteoblasts/osteoprogenitors in vivo ( Figure 4D ). The IHC staining was highly specific since no signal was detected in the IgG control group ( Figure 4C ).
shRNA knockdown of Atf4 expression reduces and overexpression of ATF4 increases β-catenin protein levels and β-catenindependent transcriptional activity and ATF4 and β-catenin form a protein-protein complex
To further determine the role of ATF4 in regulation of β-catenin protein levels in osteoblasts, we knocked down the expression of ATF4 in MC-4 cells, a well-known preosteoblastic cell line (21, 24) . Results showed that knocking down ATF4 expression significantly reduced the level of β-catenin protein in MC4 cells ( Figure 5A ). In contrast, overexpression of ATF4 dose-dependently increased the level of β-catenin protein in MC-4 cells without significantly affecting the level of β-catenin mRNA ( Figure 5, B and C) .
Overexpression of ATF4 dramatically increased the β-catenin-dependent TOPflash/FOPflash ratio in vitro ( Figure 5D ). Finally, Co-immuonoprecipitation assays showed that ATF4 and β-catenin formed a protein-protein complex in COS-7 cells coexpressing both factors (Figure 5E , top) or MC-4 cells ( Figure 5E , bottom) which express high levels of endogenous ATF4 and β-catenin proteins.
Discussion
ATF4 is critical for postnatal bone mass accrual by promotion of osteoblast functions and bone formation. Studies from this and other groups demonstrate that ATF4 promotes osteoblast differentiation through at least three distinct molecular mechanisms. First, ATF4, through interactions with Runx2, a master regulator of osteoblast formation and differentiation, directly activates the expression of the osteocalcin gene, an osteoblast differentiation marker gene, and promotes bone formation (8, 25, 27) . Because of the critical role of Runx2 in mesenchymal condensations during early development, it is possible that the ATF4-Runx2 interactions also play a role in control of MSC differentiation towards the osteoblast lineage. Future studies will test this exciting possibility. Second, our recent studies demonstrate that ATF4 is an upstream transcriptional activator of the Osx gene and increases Osx expression by interactions with an ATF4-binding site of the proximal Osx gene promoter (28) . Interestingly, the PTH-dependent increase in osteoblast differentiation in bone is correlated with ATF4-dependent up-regulation of Osx (28) . PTH induction of Osx gene expression in osteoblasts requires the ATF4-binding site and is associated with increased binding of ATF4 to a chromatin fragment of the Osx promoter (28) . Finally, results from the present study demonstrate that ATF4 additionally promotes osteoblast differentiation by favoring MSC differentiation towards the osteoblast lineage by, at least in part, up-regulation of the level of β-catenin protein.
Thus, these results add a new layer of control to osteoblast differentiation from MSCs by ATF4 and β-catenin. 6 bone marrow nucleated cells from WT and KO mice were seeded in 60-mm culture dishes in osteoblast differentiation media (α-MEM containing 10% FBS, 1% PS, 50 µg/ml L-ascorbic acid and 2.0 mM β-glycerophosphate). Media were changed every 2d. At indicated times, cultures were used for Alizarin Red staining (A), which was used to identify the colonies containing mineralized bone matrix, which were designated as CFU-osteoblast (CFU-OB) colonies. (B and C) ALP staining and ALP activity assay. 1x10 6 bone marrow nucleated cells from WT and KO mice were differentiated as in (A), followed by ALP staining (B) or ALP activity assay as described in Materials and Methods. Bars represent means ± S.D. from three independent experiments. * P <0.05 (versus WT). (D) 1x10 6 bone marrow nucleated cells from one-month-old WT and KO mice were seeded in 35-mm culture dishes and differentiated for 10d, followed by qPCR analysis. Runx2 and Osx mRNAs were normalized to Gapdh mRNA.
* P <0.05 (versus WT). vectors for ATF4 and Myc-tagged β-catenin, followed by Western blot analysis with antibodies recognizing ATF4, c-Myc or β-actin or qPCR for β-catenin mRNA. β-actin was used as a loading control for Western blots. mRNA expression was normalized to Gapdh mRNA for qPCR analysis. (D) COS-7 cells were transfected with TOPflash or FOPflash reporter plasmids, pRL-SV40 (for normalization), and expression vector for β-catenin in the presence and absence of expression vector for ATF4, followed by dual luciferase assays. Bars represent means ± S.D. from three independent experiments. The amount of the plasmid DNAs was balanced as necessary with a control plasmid expressing β-galactosidase (β-gal) such that the total amount was constant in each group. * P <0.05 (versus FOPflash). (E) IP assays: Whole cell extracts from COS-7 cells coexpressing ATF4 and Myc-tagged β-catenin (top) or MC-4 cells (bottom) were immunoprecipitated with an anti-ATF4 antibody or control IgG, followed by Western blot analysis for c-Myc (top) or β-catenin (bottom) as described previously (25, 30) .
The fact that loss of ATF4 dramatically decreased the level of β-catenin protein with a minimal effect on the level of β-catenin mRNA suggests that this regulation is mainly through a post-transcriptional mechanism. In further support of this notion, we found that ATF4 and β-catenin forms a protein-protein complex in MC-4 preosteoblasts or when coexpressed in COS-7. ATF4 does not seem to increases the β-catenin protein levels by activating upstream components of the canonical WNT/β-catenin pathways because the expression levels of major Wnts (Wnt3a, Wnt7b and Wnt10b) and their co-receptors (Lrp5 and Lrp6) were not significantly decreased by the loss of ATF4. Increased Topflash/Fopflash ratio in Figure 5D could be due to the increased β-catenin protein level by ATF4 and/or potential synergistic effects of the ATF4-β-catenin interactions. Future studies will determine the molecular mechanism whereby ATF4 modulates the level of β-catenin protein in greater detail.
In summary, this study demonstrates a new role of ATF4 in regulation of the β-catenin protein levels in MSCs and osteoblasts/osteoprogenitors and the osteoblastic differentiation of bone marrow MSCs.
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